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Oxygen transfer presents a serious challenge in the application of liquid lead as a nuclear coolant in
advanced reactors. To mitigate corrosion by liquid lead in contact with steel, carefully controlling the
oxygen concentration has been used as an effective way. Oxygen needs to mix in liquid lead uniformly
and quickly. To enhance oxygen transport in liquid lead, nanoparticles are added to the liquid metal. In
the current study, a lattice Boltzmann method is applied to investigate natural convection of copper/lead
and aluminum oxide/lead in two-dimensional simplified container. Two thermal boundary cases are
evaluated in order to check the effect of different natural convection flow patterns on oxygen transport.
Someuseful information are obtained such as improvement in natural convection and reduction in oxygen
equilibrium time.
© 2016 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Appropriate chemical and thermal properties, such as high
thermal conductivity, low vapor pressure and low melting point,
make liquid lead (Pb) or Pb alloys the most common coolant
in accelerator-driven systems (ADS) and advanced reactors [1].
Unlike other coolants lead–bismuth eutectic (LBE) is chemically
inert with air and water [2,3]. However, corrosive property of
LBE toward common steels used in the nuclear installation causes
critical barrier in their applications [4]. Corrosion appears in
different forms such as dissolution, intergranular penetration, and
interstitial transfer to and/or from the liquid metal. It is reported
that the corrosion rate of stainless steel exposure to the LBEdirectly
can be of order 1 mm/year [5]. In order to prevent loss of wall
thickness, reduction of mechanical reliability and severe safety
problems corrosion need to be controlled [6–9].
Active oxygen control technique is proven to be an effective
method tomitigate the corrosion rate [10]. Oxygen as non-metallic
inhibitor reacts with the steel such as iron (Fe), chromium (Cr)
and nickel (Ni) to create protective oxide layer on the surface
of the material. When the film is formed on the interface layer,
direct dissolutionmaterials become negligible due to low diffusion
rate of liquid metal components in the protective layer [5]. In
the last decade, several works have been devoted to find new
methods to mix oxygen quickly and uniformly through liquid Pb
at high temperature (350°C—above 700°C) [11–14]. To maintain
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protective layer on the steel surfaces and effectively separate
the steels from the liquid metal oxygen concentration level is
critical It is reported that, it should be kept at 10−7 wt.% in liquid
Pb and 10−10 wt.% in liquid LBE [11]. In oxygen controlled LBE
systems, oxygen transport to the steel surfaces is determined by
convection and diffusion. Process kinetics is determined by oxygen
mass transport due to fast chemical reaction in high temperature
operation condition. In order to increase corrosion resistance
of steel exposed to liquid Pb, oxygen mass transport becomes
attractive area for researchers.
The lattice Boltzmann method (LBM) has been used as a
powerful alternative tool to conventional methods to simulate the
different types of fluid flows. LBM is based on microscopic model
and mesoscopic kinetic theory unlike conventional numerical
methods which are based on discretization of macroscopic
equations [15]. Since LBM is considering behavior of collection
of particles as a unit or cluster instead of tracking individual
molecules, it is able to save more computational time compared to
those based onmolecular dynamics (MD). Considerable number of
publications in LBM show ability of this method to study variety of
transport phenomena flowproblem such as turbulence [16],multi-
component flows [17], multiphase flow [18], porous media [19],
magnetohydrodynamic flows [20], and nanofluids [21]. Chol [22]
was the first to introduce new engineered fluids by addingmetallic
nanoparticles to improve thermal properties of base fluids.
However, Wang et al.’s [23] results show that volume fraction of
nanoparticles applies restriction on their application. Since then,
many research works are devoted to investigation of heat transfer
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enhancement in nanofluids by using LBM. Nemati et al. [24]
utilized LBM and presented enhancement of thermal characteristic
of various nanofluids in lid driven cavity. Sheikholeslami et al. [25]
studied heat transfer from heated cylinder in closure for different
Rayleigh numbers, the volume fractions, and the aspect ratios.
Copper (Cu) was found to be the most efficient nanoparticle for
heat transfer enhancement based on their results. Ashorynejad
et al. [26] simulated natural convection in cylindrical annulus filled
with silver (Ag) nanoparticle under magnetic field effects. It is
found that thermal properties are reduced because magnetic field
is developed by adding Ag nanoparticle to a base fluid of water.
More details related to this kind of research are available in a
review paper done by Sidik and Razali [27].
In the present study, lattice Boltzmann method is used to an-
alyze the effect of nanofluid on oxygen transport in simplified
two-dimensional container with different temperature bound-
aries. Two different thermal boundary conditions are applied to
generate natural convection mixing. Container fills with liquid Pb
added by aluminum oxide (Al2O3) or Cu nanoparticles. At top free
surface of closure oxygen is introduced. The local and average Sher-
wood numbers at top boundary have been studied to analyze the
oxygen transfer rate into the liquid metal for different nanopar-
ticles and volume fractions. An enhancement has been achieved
in reducing oxygen transfer time in the container because of im-
provement in oxygen diffusivity in nanofluids.
To capture macroscopic fluid properties such as velocity,
density and pressure, lattice Boltzmann equation with external
force term is solved by using Eq. (1) [28]
fi (x+ ei∆t, t +∆t)− fi (x, t)
= − 1
τf

fi (x, t)− f eqi (x, t)
+ ∆t2
∆x
F , (1)
where fi and ei are distribution function and discrete velocity
component in i direction, respectively. The directions are defined
based on domain discretization where common 2DQ9 model is
utilized for this simulation. τf and f
eq
i are the relaxation time and
equilibrium distribution function, respectively
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f eqi = wiρ

1+ 3ei · u+ 92 (ei · u)
2 − 3
2
(u · u)

, (3)
c(c = ∆x/∆t) is known as lattice streaming speed. The Boussinesq
approximation for buoyancy force is introduced through external
term in Eq. (1) as below
F = Fx + Fy, (4)
Fx = 3wiρg sin θβ (T − Tm) , (5)
Fy = 3wiρg cos θβ (T − Tm) , (6)
where g is the gravitational acceleration with zero inclination in
this simulation, β is the volumetric expansion coefficient andwi is
weight factors which depend on domain discretization, for 2DQ9
arew0 = 49 ,w1,2,3,4 = 19 andw5,6,7,8, = 136 .
Heat and oxygen transport can be evaluated by solving the
following equation based on analogy between mass and heat
transfer
gNi (x+ ei∆t, t +∆t)− gNi (x, t) = −
1
τN

gNi − gNi,eq

, (7)
where gNi,eq is the equilibrium distribution.
gNi,eq = wiCN (1+ 3ei · u) (8)
where C is corresponding scalar value for temperature and oxygen
fields. The superscript N can be denoted as 1 and 2 which is
equivalent to temperature and oxygen, respectively.
The macroscopic properties such as density, velocity, tem-
perature, and oxygen concentration can be calculated by using
Eqs. (9)–(11).
ρ =

fi, (9)
u = 1
ρ

ei · fi, (10)
CN =

gNi . (11)
The dimensionless kinematic viscosity ν, dimensionless thermal
diffusivity α and dimensionless diffusivity of oxygen into liquid
metal D related to relaxation time can be calculated by using
Eqs. (12)–(14).
ν = 1
3

τf − 12

∆x, (12)
α = 1
3

τ1 − 12

∆x, (13)
D = 1
3

τ2 − 12

∆x. (14)
Here τ1 and τ2 are relaxation time for temperature and oxygen,
respectively. Then nondimensional numbers of Schmidt number
(Sc), Prandtl number (Pr) and Rayleigh number (Ra) are defined as
below
Sc = ν
D
, (15)
Pr = ν
α
, (16)
Ra = βgL
3∆T
να
, (17)
where1T is the characteristic temperature difference.
In this paper nanofluid is treated as single phase fluid and
modified properties of base fluid in order to consider interparticle
potential and other forces on the particles. So density of nanofluids
can be estimated as
ρnf = (1− φ) ρf + φρs. (18)
Nanoparticles volume fraction is represented by φ in above
equation and the subscripts nf, f, and s, denote nanofluid, pure
fluid, and solid particle, respectively. Heat capacity and thermal
expansion coefficient of nanofluid can be evaluated by
ρcp

nf = (1− φ)

ρcp

f + φ

ρcp

s , (19)
(ρβ)nf = (1− φ) (ρβ)f + φ (ρβ)s , (20)
and dynamic viscosity is obtained from
µnf = µf
(1− φ)2.5 . (21)
In this study, Maxwell-Garnetts (MG) [29] model is adopted to
calculate effective thermal conductivity.
knf
kf
= ks + 2kf − 2φ (kf − ks)
ks + 2kf + φ (kf − ks.) (22)
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Table 1
Temperature boundary conditions for two different heating configurations.
Left wall Right wall Top wall Bottom wall
Case (a) T = Thigh T = Tlow Adiabatic Adiabatic
Case (b) T = Thigh T = Thigh T = Tlow Adiabatic
Table 2
Characteristics of nanoparticles and liquid metal [25,31].
Cp β ρ k
J kg−1 K−1 ×105 K−1 kg m−3 W (m K)−1
Lead (Pb) 140 11.16 10476 14.1
Copper (Cu) 385 1.67 8933 401
Alumina (Al2O3) 765 0.58 3970 40
Fig. 1. Schematic of the oxygen transport in liquid Pb.
To evaluate the mass transfer rate and the convective heat
transport effects, Sherwood number at free surface and the average
Nusselt number (Nu) of the hot wall are calculated as below.
Local and average Sherwood numbers are evaluated as:
Sh = 1
1− CBulk(T )
∂C
∂n
, (23)
where CBulk is average dimensionless oxygen concentration in
enclosure. To calculate average Sherwood number integration is
applied over top wall as below
ShAve =

Sh dX . (24)
Local and average Nusselt numbers are defined as
Nu = −knf
kf
∂T
∂n
(25)
NuAve =

Nu dy. (26)
In this study, simulation of natural convection in liquid metal
as well as mass transfer is carried out on two-dimensional cavity
which is shown in Fig. 1. It is assumed that concentration of
oxygen throughout domain is too low to have a strong impact
on the main flow. Mesoscale boundary conditions are used in
LBM. Therefore the bounce back boundary condition is applied
on all walls except top one which is treated as free surface
boundary. For temperature andmass transfer similarmethodology
is applied as one proposed by Inamuro et al. [19]. In this
model unknown distribution functions are equal to equilibrium
distribution functions equation (8) with C ′ instead of C which
denotes the residual amount of concentration. This variable needs
to satisfy the specified concentration or temperature (CN) on the
boundary. Hence, unknown distribution function can be obtained.
For the sake of brevity, the unknown distribution functions (g3, g6,
and g7) for the right boundary are calculated. To do this, it is
assumed that unknown distribution functions are of the form of
gNi = wiC ′N. Then C ′N is calculated as follows
CN =

gNi = gN0 + gN1 + gN2 + gN4 + gN5
+ gN8 + w3C ′N + w6C ′N + w7C ′N , (27)
C ′N =

CN −

gN0 + gN1 + gN2 + gN4 + gN5 + gN8

w3 + w6 + w7 , (28)
gN3 =
1
9
C ′N , gN6 =
1
36
C ′N , and gN7 =
1
36
C ′N , (29)
whereCN is given value on the boundary, respectively.Macroscopic
temperature boundary condition is given in Table 1 for different
cases. For oxygen, constant oxygen value is applied on topwall and
impermeable boundary conditions are used on the rest walls.
In the present study, physical properties of liquid Pb at 500°C
and nanoparticles used in simulation are shown in Table 2.
According to results by Zhang and Li [30], the oxygen diffusion
coefficient in the liquid Pb or LBE is in order of 10−8m2/s. Therefore
Fig. 2. Velocity vector graph for case (a) and case (b) with 0% nanoparticles in pure liquid Pb.
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Fig. 3. The effect of solid volume fraction on the vertical component of velocity at the middle section of cavity for case (a) (first row case) and case (b) (second row).
Table 3
Nusselt number comparison in simulation of 4% Al2O3/water.
Ra 103 104 105
Domain size 40× 40 60× 60 80× 80
Current study 1.238 2.4531 5.012
Lai [32] 1.223 2.455 4.99
Error 1.23% 0.07% 0.4%
the Schmidt number is set to 4.5 corresponding to Do ≈ 4 ×
10−8 m2/s.
The LBM code for this problem was validated in our previous
paper [11] and also is validated for nanofluid modeling by
comparingNusselt number of current codewith a study by Lai [32].
The obtained Nusselt number by using 4% Al2O3/water benchmark
against results published by Lai [32] is presented in Table 3.
To ensure the results independence of lattice and time step,
simulations were repeated on 160 × 160 and 200 × 200 and
240×240 lattice, respectively,with dimensionless time steps∆t =
10−3 and 10−4. No significant difference was found. Therefore, the
results presented here are referred to 160 × 160 lattice size with
Ra = 1500, Pr = 1.75 × 10−2 and dimensionless time step
of 10−3.
The velocity distributions of pure Pb fluid are presented in Fig. 2
for two thermal boundary conditions. The velocity distributions for
two different thermal boundary conditions of case (a) and case (b)
are shown in Fig. 2. It can be found that one single circulation cell
is formed in case (a) and two vertical circulation cells are formed
in case (b), respectively. The influence of nanoparticle on velocity
field can be comprehended from Figs. 3 and 4. Figure 3 shows that
the vertical component of velocity at the middle of cavity varies
with different solid fractions of nanoparticles for both cases. It is
obvious to see that an increase in solid volume fraction leads to
enhance flow field in both cases. This trend can be verified by
Fig. 4. Average Reynolds number at leftwall for both cases at different nanoparticle
volume.
calculating average Re number (ReAve = µvAve lyρ ) next to the left
wall which is presented in Fig. 4.
By adding nanoparticles to base fluid thermal properties of pure
fluid can surely be improved. This enhancement can be seen from
increase in isotherms line and average Nusselt number for each
case which is shown in Fig. 5.
Oxygen transport is studied in container filled with Cu/Al2O3
nanofluids. There is no change in oxygen concentration pattern
between pure fluid and nanofluids. Hence, the instantaneous
oxygen concentration distributions of pure Pb at several time steps
(10 s, 100 s and equilibrium) are shown in Fig. 6 for both cases,
concentration contours at equilibrium (oxygen concentration
reaches to 90% of inlet) are similar to their velocity patterns.
This indicates that natural convection is primary driving force for
E.P. Kermani, Y. Chen / Theoretical & Applied Mechanics Letters ( ) – 5
Fig. 5. Isotherms of Cu/Pb and Average Nu number for different solid volume fractions of Cu/lead and Al2O3/Pb (left column in case (a) and case (b) on right).
Fig. 6. Concentration contours at different times steps (10 s, and 100 s and equilibrium time) at Ra = 1500 and Sc = 4.5 for case (a) (first row) and case (b) (second row).
6 E.P. Kermani, Y. Chen / Theoretical & Applied Mechanics Letters ( ) –
Fig. 7. The bulk (average) oxygen concentration in pure liquid Pb with Cu or Al2O3 as a function of time (first row is case (a) and case (b) is in second row).
Fig. 8. Comparison of Cbulk value between case (a) and case (b).
oxygen transport in container. From Fig. 6 it can be observed that
oxygen is transferred by convection flow from free surface to the
right wall and circulates toward the left wall in case (a). Under case
(b), the oxygen spreads from the surface to the middle toward the
bottomwall and then from two distinct regions. As time increases,
it is evident that oxygen concentration along the walls increases
comparing to the core regions in both cases.
In order to examine oxygen transfer speed, bulk (average)
oxygen concentration is calculated for both heating conditions at
various solid volume fractions over a period of time. The CBulk
increases by time increasing because more oxygen diffuses in
enclosure. Figure 7 shows that a growth in CBulk by using nanofluids
for each cases and increase in solid volume fraction improves
the value of CBulk. The enhancement of velocity and temperature
field due to the presence of nanoparticles affects oxygen transfer
Fig. 9. The equilibrium time as a function of solid volume fraction.
speed. In addition, this effect becomes stronger by adding more
nanoparticles which can be seen in Fig. 7.
Regarding the types of nanoparticles, Al2O3 presents a weaker
influence on CBulk in contrast to Cu. On the other hand, the
comparison between two cases reveals that, case (b) is more
efficient configuration to enhance oxygen transfer and this
superiority increases by increasing in solid volume fractions. For
the sake of clarity, the differences between two cases shown in
Fig. 8 are only for Cu/Pb and Al2O3/Pb with 8% solid volume
fraction. The highest value of CBulk belongs to case (b) where the
similar result was obtained by Ma [14].
The equilibrium time is calculated based on oxygen concen-
tration (90% of inlet concentration) in enclosure. The equilibrium
time reduces by using nanofluids instead of using pure base fluid
due to the variation of thermal properties of fluids. As shown in
Fig. 9, for case (a) by using Cu/Pb and Al2O3/Pb equilibrium time
E.P. Kermani, Y. Chen / Theoretical & Applied Mechanics Letters ( ) – 7
Fig. 10. The local Sherwood numbers at t = 100 s for both case (a) (first row) and case (b) (second row).
Fig. 11. The average Sherwood numbers at t = 100 s for both case (a) (first row) and case (b) (second row).
reduces from 1569 s for pure liquid Pb to 1265 s and 1237 s, re-
spectively. For case (b) oxygen concentration reaches to equilib-
rium value faster by using Cu/Pb and Al2O3/Pb from 850 s for pure
base fluid to 702 s and 716 s, respectively. Therefore, the most ef-
ficient case regarding equilibrium time is case (b) filled with 8% Cu
nanoparticles.
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The kinematic viscosity of nanofluids is higher than pure fluid,
the diffusivity of oxygen in nanofluids is greater than in pure
liquid metal based on the definition of Schmidt number. On
the other hand, Sherwood number has an inverse relation with
diffusivity (Sh = kL/D). This relationship can be observed from
Figs. 10 and 11, growth in amount of nanoparticles leads to have
higher diffusivity and lower Sherwood number. Local and average
Sherwood numbers are calculated at oxygen gas interface.
For the first case, local Sherwood number reaches its maximum
value at 0.3 where the convection flow initially hits free surface.
The convection flow brings liquid with low oxygen concentration
from the core region to the highest region (free surface) and
therefore themaximummass transfer rate occurswhere clockwise
flow hits the free surface.
For the second case, two maximum values occur near the wall
and one minimum in the middle. From Fig. 10, it is perceived
that, Sherwood number of Al2O3/Pb decreases greater than Cu/Pb.
The lower Sherwood number means lower mass transfer. Thus,
larger mass transfer of oxygen in case of Cu/Pb which has higher
Sherwood number opposed to Al2O3/Pb enters to container. It is
important to point out that as time passes, by increasing in oxygen
concentration Sherwood number drops significantly. Figure 11
shows a significant reduction of the average Sherwood number by
increasing time. It is observed that after 100 s average Sherwood
number reaches constant value which indicates that most of
oxygen enters to the container before 100 s.
To form a protective oxide layer over steel surface, the active
oxygen control is an effective method to reduce corrosion rate.
The stability of oxide layer depends on oxygen concentration
in enclosure. To mix the oxygen uniformly and quickly, natural
convection driven system is proposed with two thermal boundary
conditions. The nanofluids are introduced to base fluid in order to
enhance natural convection effect.
The natural convection in 2-D simplified container filled with
Pb contains with Cu or Al2O3 nanoparticles at different solid
volume fractions is solved by using lattice Boltzmann method. The
obtained simulation results indicate that adding nanoparticles lead
an improvement in natural convection by increasing the velocity
gradients of liquid Pb which provides better oxygen transfer and
shorter equilibrium time. The case (b) with 8% Cu/Pb nanofluid
presents the most efficient scenario based on its equilibrium time
and Cbulk results.
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